High-spin states in the odd-proton thulium isotopes 173 Tm and 175 Tm have been studied using deep-inelastic reactions and γ -ray spectroscopy. In 173 Tm, the low-lying structure has been confirmed and numerous new states have been identified, including a three-quasiparticle K π = 19/2 − isomer with a lifetime of τ = 360 (100) 
I. INTRODUCTION
The rare-earth nuclei around mass ∼180 are quadrupole deformed and typically have orbitals with large spin projection on the symmetry axis, , near both the proton and neutron Fermi surfaces. This leads to the prospect of multiquasiparticle states with high K (where K = i ) occurring near the yrast line. K isomers are consequently expected in this region. These arise when a state can only decay via transitions of multipolarity, L, that violate the K selection rule by an order of forbiddenness, ν = K − L.
The present work is part of an ongoing effort to map isomerism in the neutron-rich, deformed nuclei using deepinelastic reactions. This has so far encompassed studies of various isotopes of tungsten, tantalum, hafnium, lutetium, ytterbium, and erbium (see, e.g., [1] [2] [3] [4] [5] [6] [7] and references therein). Deep-inelastic reactions have become a key tool in studying neutron-rich rare-earth nuclei, since they cannot be populated by more conventional reactions.
While a substantial number of the nuclei in the mass-180 region have been studied, there are still gaps in the experimental large spin and mass transfer. Gammasphere consisted of 101 Compton-suppressed germanium detectors in the various experiments.
The majority of data collection was performed with a pulsed beam, using nanosecond pulses and 825-ns intervals. The coincidence events were collected with a coincidence overlap of approximately ±800 ns. About 3 × 10 9 , 2 × 10 9 , 2 × 10 8 , and 2 × 10 8 coincidence events of three-or higher fold were collected for the 176 Yb, 176 Lu, 174 Yb, and 175 Lu targets, respectively. Data were also collected with a dual-coincidence requirement and chopping conditions designed to measure long isomer lifetimes. For the 176 Lu target, on/off chopping regimes of 10/40 μs, 20/60 μs, 100/300 μs, and 1/3 ms were used, while for the 176 Yb target, only one chopping regime with 1/3 ms was used.
III. ANALYSIS TECHNIQUES
The γ -ray data were initially presorted into the Blue database [12] , including gain corrections, time corrections, and the removal of detectors with poor timing or energy resolution. The data were subsequently sorted into in-beam (−30 to +100 ns) and out-of-beam ( +100 to +750 ns) γ -γ -γ coincidence cubes for analysis with the RADWARE [13] software package. Asymmetric histograms, such as γ -γ -time-difference and γ -γ -clock cubes utilized for measuring lifetimes were analyzed using software built on the core program ROOT [14] . The thulium isotopes were most strongly observed with the 176 Yb target, and the majority of coincidence analyses were conducted using these data sets.
A. Gammasphere efficiency
The initial relative efficiency measurement for the present study used 152 Eu, 182 Ta, and 241 Am source data collected in singles mode. However, it was observed that the relative efficiency of low-energy γ rays gave measured intensities in the γ -γ -γ cube which were lower than expected, possibly due partially to the lower fold of cascades measured from the sources compared to in-beam data. In addition, the time constraints placed on the coincidence cube can suppress low-energy transitions due to time walk. Additional internal calibrations were performed to evaluate the efficiency for lowenergy lines using various delayed cascades measured below known isomers in the γ -γ -γ coincidence cubes. However, the limited number of available points results in a large uncertainty at low energies (∼30% below 60 keV).
B. Internal conversion and transition multipolarities
Total conversion coefficients were extracted (by using appropriate gating conditions in γ -γ -γ cubes) by balancing the intensities of transitions in decay paths where at least one γ ray has a known multipolarity. In a number of cases, comparison of these with theoretical predictions [15] allowed transition multipolarities to be either deduced or constrained.
C. Isotopic assignments
In deep-inelastic and binary or few-nucleon transfer reactions, the beamlike and targetlike products are mass correlated, since the total mass of the beam and target must equal the sum over the reaction products. As an example, for the 136 Xe beam on a 176 Yb target, a targetlike fragment of 175 Tm will be correlated with a beamlike fragment of 137 Cs. As a result, prompt γ rays from 137 Cs and 175 Tm should be in coincidence with each other, following a proton-transfer reaction. However, it is also common for particle evaporation from the beamlike and targetlike reaction products to follow the primary reaction. Broda and co-workers [16, 17] found that, typically, a few nucleons are lost, generally neutrons, so that the coincident beamlike and targetlike reaction products are not necessarily specified uniquely. The production of thulium isotopes lighter than 175 Tm (in the 176 Yb target dataset, used for the majority of analysis) seemed to proceed predominantly via the initial production of 137 Cs and 175 Tm, followed by the evaporation of neutrons from 175 Tm. This was evident from the fact that γ rays associated with 137 Cs were observed in coincidence with all of the thulium structures identified in the prompt data.
The systematic nature of the present series of experiments (the use of different targets with the same experimental conditions) has made it possible to observe the population cross sections of various nuclei depending on their proximity to the target isotope. The relative yields from different targets can, in some cases, be used to guide isotopic assignments. Structures associated with 175 Tm, for example, were very weakly observed with targets other than 176 Yb. This is expected since 175 Tm is only one proton removed from 176 Yb, whereas more complex proton and neutron transfers are required to produce 175 Tm from 174 Yb, 175 Lu, and 176 Lu. The relative population intensities of different structures assigned to thulium were obtained by measuring the γ -ray intensities of transitions associated with each structure using double-gated coincidence spectra from the triples data of all four target datasets. Table I presents these relative population intensities labeled in each case with the gating transitions. a The yields deduced for 176 Lu may be unreliable due to high 175 Lu content (∼53%) and thorium contamination in the target.
The yields were normalized to take into account the different integrated beam in each case. The various structures are grouped by the thulium isotope to which they are assigned (structures associated with 171 Tm, 172 Tm, and 174 Tm will not be discussed in the present work). The population intensities of structures belonging to 174 Tm and 175 Tm rapidly fall off for the 174 Yb, 175 Lu, and 176 Lu target data relative to the 176 Yb target dataset. Note also the high population intensity for 171 Tm with the 175 Lu target (the α-transfer channel). In the case of the 176 Lu target, the large 175 Lu component as well as significant thorium contamination may make the ratios unreliable. (The latter contamination is linked to the use of thorium in the reduction process involved in target production.) The relative population intensity information was important for isotopic assignments in the present study, since little previous spectroscopic information was available.
IV. RESULTS

A.
175 Tm Figure 1 presents out-of-beam γ -ray spectra associated with 175 Tm. The present level scheme (Fig. 2) is consistent with the previous assignments of Løvhøiden et al. [18] The ground-state rotational band was previously assigned up to the 9/2 + member by Løvhøiden et al. [18] , albeit with large uncertainties in the level energies, which prevented differentiation between the 7/2 + and 5/2 + levels, for example. In the present work, the band has been extended to the 23/2 + member by utilizing the in-beam gated γ -γ -γ coincidence cube from the 176 Yb target data. It should be noted that the Doppler broadening, evident, for example, in the spectra of Fig. 3 , limits the observation of higher spin rotational states that are not fed by isomers. Figure 3 (a) displays the E2 crossover transitions in the 3/2 + , 7/2 + , 11/2 + , . . . sequence (signature, α = −1/2). The low-lying members of the weaker 1/2 + , 5/2 + , 9/2 + , . . . sequence (signature, α = +1/2) are observed in the out-of-beam data since the 9/2 + state is populated by an 87-keV branch from the 7/2 − isomer. Higher lying transitions associated with the α = +1/2 signature band are seen weakly in the in-beam spectra of Figs. 3(a)-3(c) . Figure 4 175 Tm is estimated at E x = 0.5(4) keV by the extrapolation shown in the figure. The inferred 127(1)-keV 5/2 + → 1/2 + transition would, therefore, be unresolved from the stronger 126.9(3)-keV 5/2 + → 3/2 + transition in Fig. 1(c) 175 Tm disagree with those of Zhang et al. [20] . However, the present, more comprehensive results are internally consistent, in agreement with systematics and also with the results of Løvhøiden et al. [18] . [18] , but no lifetime was reported. A time-difference spectrum produced from a sum of double coincidence gates placed below and above the isomer from which a lifetime of τ = 460(50) ns was deduced is presented in Fig. 5 a requirement that coincidence events occurred both in-beam and also 30-800 ns earlier than the 311-or 313-keV transitions.
Levels at 1175, 1434, and 2124 keV
The 691-and 993-keV γ rays that are observed above the 7/2 − isomer in Fig. 1 (b) display a constant intensity over the full out-of-beam time range of the 1 ms/3 ms chopped data, implying a feeding lifetime of the order of several milliseconds or longer. The associated states also feed into a K = 7/2 level with no other obvious decay branches, suggesting low-K assignments for the 1434-and 2124-keV levels. These states are presumed therefore to be populated by feeding from the β decay of the (9/2 + ) ground state of 175 Er [21] . [20] to be populated in the β decay of 175 Er were not observed in the present work.
15/2
− isomer at 947 keV A lifetime of τ = 64(3) ns was deduced for the 947-keV state from the time-difference spectrum presented in Fig. 6 . Gamma-ray branches of 301 keV to the 11/2 − member and 164 keV to the 13/2 − member of the 7/2 − [523] band are observed, and the presence of a 5.2(2)-keV transition to the 15/2 − member is inferred from the observation of weak 159-and 295-keV γ rays in delayed coincidence with transitions above the 15/2 − isomer [see Fig. 1(a) ]. These branches limit the spin and parity to K π = 13/2 ± or 15/2 ± . The total conversion coefficient for the 164-keV branch was deduced from an intensity balance at the 783-keV level, by using the intensities from the spectrum of Fig. 1(a) . (Mixing ratios for the E2/M1 137-and 159-keV γ rays are given in Table V .) The derived internal conversion coefficient of α T (164) = 0.70 (8) can be compared to predictions [15] would require the 301-keV branch to be a very enhanced M3, which can be eliminated. This limits the 164-keV transition to be of M1 multipolarity while the 301-keV γ ray is most likely an E2 transition, resulting in a K π = 15/2 − assignment for the 947-keV isomer. multipolarities, respectively. All multipolarities except M1 can, therefore, be ruled out. Note that a small E2/M1 mixing ratio for the 58-keV transition would give a larger predicted conversion coefficient, closer to the experimental value. A 249-keV transition is observed in parallel with the 191-and 58-keV transitions, supporting the present placements.
The rotational band built upon the 17/2 − level was extended up to the 27/2 − member using a matrix produced with a requirement that coincidence events occurred in-beam and also preceded 311-or 313-keV transitions by 30-800 ns. Properties of γ -ray transitions assigned to 175 Tm, including the energies and intensities, the initial and final level energies, and spin-parity assignments (where applicable), are listed in Table II . Gamma-ray intensities are normalized to the prominent 108-keV line. Since there was no single spectrum in which all out-of-beam intensities could be measured, the intensities of γ rays from each level were deduced from the measured branching ratios, by taking into account the total intensity feeding into that state and γ -ray conversion coefficients from Ref. [15] . The intensity errors account for the uncertainties in branching ratios feeding intensities and conversion coefficients.
B.
173 Tm Figure 9 presents γ -ray spectra associated with 173 Tm that are observed out of beam with the 176 Yb target. The proposed 173 Tm level scheme is shown in Fig. 10 . The present results are consistent with the ground-state band assignments of Pursiheimo et al. [22] extended up to the 23/2 + member. The 1/2 + , 5/2 + , 9/2 + , . . . sequence (α = +1/2 signature) had insufficient intensity for an extension above the 5/2 + state, which was strongly fed by the 7/2 − isomer. The γ rays tentatively assigned to the α = −1/2 signature band by Asztalos et al. [24] have not been observed in the present data. (4) μs, consistent with the value of τ = 14(3) μs measured by Pursiheimo et al. [22] . A weighted mean of τ = 15(3) μs is adopted for the lifetime of this level.
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The current 7/2 − and 9/2 − level assignments in the 7/2 − [523] rotational band agree with those of Ref. [22] . The present data also agree, within error, with the extensions of Tarara et al. [23] up to the 11/2 − state, but their energy of 669.5(17) keV for the 13/2 − level does not agree with the present value of 662.3(2) keV. The present assignments extend the rotational band up to the 17/2 − member in the out-of-beam data and to the 21/2 − member using in-beam information.
9/2 − [514] state at 1213 keV
The present work confirms the observation of this state by Pursiheimo et al. [22] . It is fed weakly from the 1344-keV level, and it decays via 801-and 895-keV branches to the 7/2 − and 9/2 − members of the 7/2 − [523] band. The energy difference of 99 keV between the 1344-and 1443-keV levels seems too small for the 1443-keV level to be a band member. However, the states at 1586 and 1751 keV have the appearance of a rotational band built on the 1443-keV state. If this is in fact not a band, it should be considered whether either of the 241.8-or 308.7-keV transitions is of M2 character. The limits on the implied lifetime (by taking an M2 transition strength limit of 1 W.u.) would then be τ 57 ns for the 1751-keV state and τ 76 ns for the 1586-keV level. However, limits of τ < 5 ns are established for the 1344-, 1443-, 1586-, and 1751-keV level lifetimes from time-difference data. The 242-and 309-keV transitions must, therefore, be of E2 character, requiring all four levels to be of positive parity.
Each of these positive-parity states is connected to the 7/2 − [523] band by high-energy E1 transitions. (M2 multipolarities can be ruled out on inspection of the interband transition branching ratios.) The E1 assignments limit the spin and parity to 11 − isomer). The spin-parity assignments for the 1540-, 1692-, and 1862-keV levels can be constrained further from the multipolarity of the 43-or 214-keV transitions. By assuming that the E2/M1 mixing ratio for the 152-keV transition is consistent with that of the 171-keV transition in the same rotational band [δ(171 keV) = 0.29(3) in Table IV ], an intensity balance for the 43-and 152-keV γ rays in the 171/1013-keV double-gated spectrum of Fig. 9 (c) results in α T (43) = 8.8
+10.3 −3.6 , with the large uncertainty following from the low statistics in the 43-keV peak and the uncertainty in the efficiency calibration below 60 keV. Comparison to predictions [15] of 0.59 for E1, 5.77 for M1, 109.9 for E2, and 296 for M2 multipolarities, respectively, suggests that only an M1 multipolarity is consistent (albeit within a large uncertainty), requiring negative parity for the 1540-, 1692-, and 1862-keV levels.
(15/2
− ) state at 1782 keV The excitation energy of this level (at 1664 or 1782 keV) is ambiguous, due to the inability to order the 124-and 242-keV transitions. Given the observation of a single branch to a J π = 13/2 − state, it is very likely to be an intrinsic state of negative parity. The most probable assignments are K = 15/2 or 17/2. An assignment of K π = (15/2 − ) and an excitation energy of 1782 keV are tentatively favored from hindrance arguments for the 1906-keV isomer decays.
19/2 − isomer at 1906 keV
The lifetime of this state is deduced to be τ = 360(100) ns from the time-difference spectrum in Fig. 12 The isomer is characterized by several decay branches, the strongest (in total intensity) being the 43-keV M1 transition to the 1862-keV state and the 154-keV transition to the 1751-keV 17/2 + level. In order to find the spin-parity assignment for the isomer at 1906 keV, two independent intensity balances were performed for the 154-keV decay branch using E2/M1 mixing ratios deduced from Table IV. In the first, the 154-keV transition was balanced against the sum of 115-and 209-keV transition intensities in a sum of (143,166,309)/916-keV double-gated spectra, leading to α T (154) = 0.07 (31) . In the second, the 154-and 166-keV transitions were balanced in a spectrum produced from a sum of 143/(780,818,916,932)-keV double gates, leading to α T (154) = 0.04 (27) . Predicted values of 0.11 (E1), 0.90 (M1), 0.63 (E2), and 5.9 (M2) confirm an E1 assignment. A strong E1 branch to the 1586-keV level would also be expected if the isomer had an assignment of 17/2 − or lower; therefore the spin and parity are restricted to K π = 19/2 − . Structures above the isomer were studied by examining γ rays both in-beam and out of beam that were measured 30-800 ns early with respect to the intense 1013-keV transition. The rotational band built on the 1906-keV 19/2 − state was identified in this way. It is fed by a higher lying isomer and is clear in a sum of double-gated spectra in the out-of-beam γ -γ -γ cube in Fig. 13 . The spectrum also shows the 152-and 171-keV lines from below the isomer in weak coincidence [across the 360(100)-ns isomer]. In order to measure the lifetime of the 21/2 + state, a γ -beam matrix was constructed requiring γ rays that are observed 30 to 800 ns early with respect to 152/1013-keV or 171/1013-keV γ -ray pairs. A gate on the 155-keV line in this matrix gives the absolute time spectrum for this γ ray with respect to the beam pulse and is shown in Fig. 15 . A lifetime of 22 (8) 
Summary of energy levels and γ rays associated with
173 Tm
Properties including γ -ray energies and intensities, initial and final level energies, and spin-parity assignments of transitions assigned to 173 Tm are summarized in Table III . Gamma-ray intensities are normalized to the prominent 171-keV line. For 175 Tm (Table II) , the intensities of γ rays from each level were deduced from the measured branching ratios, by taking into account the total intensity feeding into that state and γ -ray conversion coefficients from Ref. [15] . The quoted intensity errors account for the uncertainties in branching ratios, feeding intensities, and conversion coefficients.
V. CONFIGURATION ASSIGNMENTS, DECAY HINDRANCES, AND BAND PROPERTIES
The structure of these odd-A nuclei is expected to be similar to that of the neighboring even-even core nuclei, but with the unpaired proton coupled to the n-quasiparticle structures erbium, ytterbium, and lutetium isotones, therefore, play a role in the configuration assignments. The configuration of a strongly coupled rotational band is reflected in its in-band decay properties, such as the competition between E2 crossover and M1 cascade transitions, which can be examined via the γ -ray intensity branching ratio, given by
Within the rotational model, it is possible to extract the E2/M1 mixing ratios, δ, for the J → (J −1) transition and the (g K − g R )/Q 0 ratio from the observed branching ratio, λ, using the relations
The in-band properties for measured rotational bands in 173 Tm and 175 Tm are presented in Tables IV and V. Table VI 175 Tm are given on the basis of the expected couplings to the unpaired proton of two-quasineutron states seen in the neighboring even-even isotones.
well as independent support for the rotational band placed on the (long-lived) 8
− isomer in 176 Yb. The transition strengths and hindrances for the 947-keV isomer decays are given in Table VII . For decays from the 15/2 − isomer, the reduced hindrances are low, in particular the value of f ν = 8(1) for the 301-keV E2 transition. These hindrances will be discussed below in terms of state mixing. The 5.2-keV M1 γ ray from the 15/2 − isomer is unobserved. Therefore, its intensity was inferred from the total intensity de-exciting the 942-keV level which it feeds, by assuming a pure M1 character. Since even a small E2/M1 mixing ratio would significantly increase the conversion coefficient for this 5.2-keV transition, the value of I γ is an upper limit, and the corresponding reduced hindrance value a lower limit.
23/2
+ isomer at 1518 keV The large number of high-K multiquasiparticle states observed between 1 and 2 MeV excitation energy in 173 Tm (see Fig. 10 ) can be attributed to the 5/2 − , 7/2 − , 7/2 + , and 9/2 + neutron orbitals, all lying near the Fermi surface at N = 104. + coupling is energetically favored by 116 keV over the 13/2 + coupling. This is in approximate agreement with the 99-keV difference observed experimentally. The alignment for the 1443-keV 13/2 + band, illustrated in Fig. 17 , is surprisingly large, given the absence of either an h 11/2 proton or an i 13/2 neutron. configuration. This gives a predicted (g K − g R ) = −0.48 (9) , in much better agreement with experiment. However, the multiquasiparticle calculation (Sec. VI) predicts that this state should lie more than 200 keV higher than the favored configuration assignment. Given the predicted close proximity of these two states, it is possible that the 13/2 − level at 1540 keV represents a mixture of the two configurations.
The alignments in Fig. 17 Fig. 19 ) coupled to the 7/2 − [523] proton excitation. The 1906-keV 19/2 − isomer lies at the expected energy, and reasonable agreement is seen between the experimental | g K − g R | value and that predicted for this configuration in Table VI .
The rotational alignment of the 19/2 − band is plotted in Fig. 17 . The nearby dotted line shows the expected alignment for this configuration as obtained from the sum of the 7/2 − [523] alignment and that of the ν5/2
+ band in 174 Yb [5] (with a reference appropriate for the 174 Yb ground-state band). The excellent agreement between the two curves gives additional confidence in this configuration assignment and suggests that, in this case, the neutron and proton components of the rotational alignments are approximately additive, provided that appropriate references are chosen in each case. The sudden increase in alignment at the top of the observed 19/2 − band is probably an indication of the beginning of a backbend [41] and will be discussed below.
Table VIII presents hindrances for decay branches from the 1906-keV isomer. Reasonable reduced hindrances are seen for the 43-, 154-, and 214-keV branches with the present spin and parity assignments. The f ν = 50(8) value for the 154-keV transition is in contrast to the large reduced hindrances of the 193-and 199-keV E1 transitions from the 7/2 − isomer at 318 keV, which should represent the one-quasiparticle analog of the 154-keV transition. For the decay to the 1782-keV (or 1664-keV) level, the transition can have an energy of either 124 or 242 keV and can be of M1 or E2 multipolarity so that there are four possible hindrance values. Of the four possibilities, a 124-keV E2 transition appears to be the most reasonable (with the alternative assignments implying allowed transitions with hindrance values F W 3.7 × 10 3 ). However, the 15/2 − spin-parity and 1782-keV energy assignments for this state remain tentative.
21/2 + state at 2061 keV
The experimental | g K − g R | value for the 21/2 + band is in good agreement with that expected for the ν7/2 (Table VI) . However, it is also consistent with the
configuration, which could also be low lying.
Since both configurations contain an h 11/2 proton and an i 13/2 neutron, both are consistent with the large alignment observed in Fig. 17 (Table VIII) are low and will be discussed below.
VI. MULTIQUASIPARTICLE CALCULATIONS
The multiquasiparticle calculations employed here have been described in connection with several investigations in this mass region (see Refs. [2, 5, 7, 31] , for example). They use single-particle energies from a Nilsson calculation and the Lipkin-Nogami formalism (plus pair blocking) for calculating pairing correlations. The calculations were performed systematically for the thulium isotopes between A = 171 and A = 175, although the present paper will focus on 173 Tm and 175 Tm only.
The Nilsson calculation parameters were adopted from Ref. [42] while deformation parameters for thulium isotopes from A = 171-175 were taken from Ref. [43] . Single-particle Nilsson orbitals were generated for the N = 4, 5, and 6 proton and neutron oscillator shells (a total of 128 states). For simplicity, a fixed, configuration-independent deformation is used for all Nilsson orbitals. (Configuration-dependent deformations calculated for single-proton states by Nazarewicz et al. [44] suggest only small differences in deformation between, for example, the 1/2 + [411] and 7/2 − [523] orbitals within a given nucleus.) After calculation with the initial set of Nilsson energies, the neutron and proton orbitals near the Fermi surface were adjusted to ensure that the multiquasiparticle calculation approximately reproduced the experimental one-quasiparticle energies for protons in the odd-A thulium isotopes and in the odd-A erbium and ytterbium isotopes for neutrons.
Pairing strength parameters of G ν = 18.0/A MeV and G π = 20.8/A MeV were used for neutrons and protons, respectively. These were chosen to approximately reproduce the odd-even mass differences in the neutron and proton pairing gaps and to be consistent with previous calculations for tantalum, lutetium, and ytterbium nuclei in this region [2, 5, 7, 31] .
The multiquasiparticle energies obtained by combining the calculated multiquasiproton and multiquasineutron components are subsequently corrected for the residual nucleonnucleon interactions. These are taken from the present work (where applicable), from Ref. [10] , and from Kondev [45] . For multiquasiparticle states, a sum of the individual twoquasiparticle residual interactions was used following the generalized form given by Jain et al. [46] . Strictly speaking, each multiquasiparticle configuration should also be corrected for perturbations from rotational and Coriolis shifts, but these are usually relatively minor and have been neglected here [45] .
The energies of the calculated multiquasiparticle configurations and experimental states are compared in Table IX  and Table X , as well as in Fig. 20 , for 173 Tm and 175 Tm, respectively, Only those states calculated within reasonable proximity to the nominal yrast line are included.
A. Comparison between experimental and calculated states
The predicted one-quasiproton energies in the odd-A nuclei do not provide a true test of the calculations since they have been adjusted to match experiment in cases where they are known. The predictions for higher seniority configurations provide a better test, and the agreement here is usually within 150 keV of experiment. 
General agreement
The agreement between experimental and calculated states for both 173 Tm and 175 Tm is typically within 150 keV, and it is no worse than 250 keV for any given state. This is comparable to similar multiquasiparticle studies in this region. As was shown in Fig. 19 and an interaction strength of V = 0.17 keV are deduced in a manner similar to that used in Refs. [6, 48] . This mixing amplitude would imply that a contribution of β 2 = 2. configuration. These two i 13/2 neutrons are also partially aligned to the rotation axis, making this isomer the bandhead of a socalled Fermi-aligned or t band [49, 50] . (In such a band, the single-particle angular momentum, j , precesses around an axis intermediate between the symmetry and rotation axes.)
The sudden increase in alignment observed athω ∼ 0.22 MeV for the 19/2 − band in Fig. 17 suggests the beginnings of a backbend [41] . This is attributed to the introduction of rotational alignment from a pair of high-j nucleons (in this case, two i 13/2 neutrons), coupled so that K ≈ 0. The consequent rotation-aligned sequence of states [in this case, a three-quasiparticle state coupled to the (i 13 Only lifetime limits of τ < 5 ns were obtained for each level; however, transition strengths can be deduced indirectly for the K-forbidden decay branches by scaling the observed γ -ray branches to the partial γ -ray widths of the in-band E2 or M1 transitions (calculated by assuming the rotational model). For the 309-keV E2 decay from the 1751-keV level, a γ -ray width of 4.2(3) × 10 −6 eV was deduced. This leads to implied widths of 1.9(8) × 10 −6 and 6.5(22) × 10 −6 eV for the 757-and 933-keV transitions, respectively. These widths correspond to strengths of 2.1(8) × 10 −6 and 3.8(13) × 10 −6 W.u. for the two transitions. For the 1586-keV level, the 143 keV (M1 + E2) transition is used to deduce the widths (since with the present assignments no collective E2 transition de-excites this level). A partial γ -ray width of 5.6(13) × 10 −6 eV for the 143-keV γ ray leads to implied strengths of 7.7(29) × 10 −7 and 1.5(5) × 10 −6 W.u. for the 768-and 923-keV transitions, respectively. It should be noted that the above calculations are sensitive to the assumed K π = 13/2 + assignment for the 1433-keV level.
The transition strengths deduced above (of about 10 −6 W.u.) imply relatively strong transitions once the K-forbiddenness is taken into account. In the rare-earth region, E1 transitions with strengths around 10 −4 -10 −5 W.u. are expected between certain one-quasiparticle states [51] [52] [53] and can be attributed to an enhanced dipole moment due to an octupole softness [54] . However, octupole enhancement is difficult to reconcile with the fairly complex three-quasiparticle to one-quasiparticle configuration changes exhibited in the present case, and the relative enhancement of these E1 transitions therefore remains unexplained.
C. Mixing of 15/2
− states in 175 Tm
The 15/2 − isomer at 947 keV has three decay branches to the 7/2 − band (see Fig. 2 ) that exhibit small reduced hindrances. The 5-keV M1 branch has f ν > 14, the 164-keV M1 decay has f ν = 28(1), while the 301-keV E2 branch has f ν = 8(1).
The γ -ray intensity branching ratio of 0.45(4) for the 301/164-keV transitions agrees within error with a value of 0.47 (13) for the 296/159-keV in-band transitions from the 15/2 − band member at 942 keV. The similarity is a signature [6] that the isomer contains a small amplitude of the lower K band that results in a collective component in the otherwise forbidden transitions resulting in the observed low hindrances.
By using a method similar to Refs. [6, 48] , a mixing amplitude between the two 15/2 − states of β = 0.010 can be deduced from the 301-keV E2 isomer branch. This mixing amplitude, along with the measured energy spacing of E exp = 5.2 keV, implies an interaction strength of only V = 53 eV. This is a small interaction in comparison to normal nuclear matrix elements, which are typically on the order of tens of keV [56] . However, it is comparable to interaction strengths associated with other cases of chance mixing between high-and low-K states, as discussed by Dracoulis et al. [6] . A 0.01% component of the K π = 7/2 − band in the K π = 15/2 − wave function is, therefore, sufficient to allow this isomer to decay with the low reduced hindrances observed in the data.
The inferred 5.2-keV transition between the two 15/2 − states is presumably only allowed, due to the collective component described above. It represents an unusual in-band decay that connects two states with the same J and can only occur because of the state mixing. The situation is displayed (for a general case) in Fig. 21 . The in-band B(M1) value for bands with K = 0, 1/2 can be written in terms of the rotational g factor, g R , and the intrinsic g factor, g K , as [57] B(M1; J 1 , K → J 2 , K)
where μ N = eh 2M π is the nuclear magneton. The last term is only relevant when J 1 = J 2 , and it is, therefore, unphysical in normal circumstances, since two states with the same spin cannot occur in a band.
The M1 transition matrix element between two states with spin J and nominal (mixed) K values,K 1 andK 2 (see Fig. 21 ), is given by
